12  August  1985 


Prepared  for 

_  SPACE  DIVISION  _ 
AIR  FORCE  SYSTEMS  COMMAND 
Los  Angeles  Air  Force  Station 
P.O.  92960,  V  orldway  Postal  Center 
Los  Angeles,  CA  90009-2960 


38N3<jX!J  2N3WP'*  >AOn  l.V  030000, H4JM  8  V,  i  ^ 


THIS  DOCUMENT  IS  BEST 
QUALITY  AVAILABLE.  THE  COPY 
FURNISHED  TO  DTIC  CONTAINED 
A  SIGNIFICANT  NUMBER  OF 
PAGES  WHICH  DO  NOT 
REPRODUCE  LEGIBLY. 


; 


This  report  was  submitted  by  The  Aerospace  Corporation,  El  go£nedar  CA 
90245,  under  Contract  Mo.  F04701-83-CM)084  with  the  Space  Dlvi*ian»,P.O.  9oe 
92960,  Uorldvay  Postal  Center,  Loe  Angeles,  CA  90009-2960.  It  *se?tovisws4 
and  approved  for  The  Aerospace  Corporation  by  ft.  W.  Fillers,  Director, 
Materials  Sciences  Laboratory. 

Capt  Stephen  H.  Doerr/YV  ass  the  project  officer  for  the  Mission- 
Oriented  Investigation  and  Bxperiaantatlon  (M0IE)  Prograa.  , 

This  report  has  bean  reviewed  by  the  Public  Affairs  Office  (PAS)  sad  is 
releasable  to  the  national  Technical  Inforaatloa  Service  (NTH)*  At  MTIS,  It 
will  be  available  to  the  general  public,  including  foreign  nationals. 

This  technical  report  has  been  reviewed  and  la  approved  for  publication. 
Publication  of  this  report  does  not  constitute  Air  Porce  approval  of  the 
report's  findings  or  conclusions.  It  is  published  only  for  the  exchange  wed 
*  stimulation  of  ideas. 


STEPHEN  H.  DOERR,  Capt,  USAF  ^JOSEPH  HESS,  CM- 1 5 

M0IE  Project  Officer  Director,  APSTC  West  Coast  Office 

SD/YVE  AFSTC/WC0  0L-AB 


SECURITY  CLASSIFICATION  OF  THIS  PAGE  (WTi «n  Dulm  Enlorod) 

REPORT  DOCUMENTATION  PAGE 

1  REPORT  NUMBER  [7~GCu7t 

SD-TR -85-47  /Hi 


4.  TITLE  (ord  Submit) 

PRECISION  INTERFEROMETRIC  DILATOMETER 


READ  INSTRUCTIONS 
BEFORE  COMPLETING  FORM 
IClPlENT’S  CATALOG  NUMBER 


f.  type  or  report  •  period  covereo 


7.  AUTHORS 

Ernest  G.  Wolff  and  Raymond  C.  Savedra 


*.  performing  org.  report  number 

TR-0084A(5935-12)-1 

4.  CONTRACT  OR  GRANT  NUMBERS 


9.  PERFORMING  ORGANIZATION  NAME  AND  ADDRESS 

The  Aerospace  Corporation 
El  Segundo,  Calif.  90245 


F04701-83-C-0084 

10.  PROGRAM  ELEMENT.  PROJECT.  TASK 
AREA  S  WORK  UNIT  NUMBERS 


II.  CONTROLLING  OFFICE  NAME  AND  ADORESS  »*■  REPORT  DATE 

Space  Division  12  August  1985 

Los  Angeles  Air  Force  Station  is.  number  of  pages 

Los  Angeles,  Calif.  90009-2960  31 

14.  MONITORING  AGENCY  NAME  S  AODRESSfJ/  dUlafnt  Iron  Controlling  Otllco)  nrnseCURITY^CLAsSrfoTThjrTIportr 

Unclassified 


11.  number  of  pages 

31 


ls«.  DECLASSIFICATION/DOWNGRADING 

schedule 


16.  DISTRIBUTION  STATEMENT  (ol  th It  Report) 

Approved  for  public  release;  distribution  unlimited. 


17.  DISTRIBUTION  STATEMENT  (of  tho  obotroct  ontorod  in  Block  20,  If  dlfforont  from  Roporl) 


IS-  SUPPLEMENTARY  NOTES 


_ ^£JL _ 

19.  KEY  WORDS  ( Conilnu •  on  ttvtrtt  old*  II  noctttary  and  Identity  by  block  number,)/  (  ; 

'^Dilatometryy  /V1 

Michelson  interferometry,'  V''  <• 

Signal  processing;,  ^  ^ 

Thermal  expansion,  rT\|i,  , — -s 


/J* 


2G  ABSTRACT  (Continue  on  ttvtrtt  Tido  H  nocoooory  and  Identity  by  block  number; 

--An  improved  double  Michelson  laser, interferometric  di la tome ter  with  an 
Inexpensive  automatic  signal  processor  is  described.  The  unit  is  suitable 
for  studying  materials  having  near-*zero  coefficients  of  thermal  expansion 
(CTE)  ranging  from  100  to  >450  K.  1L/L  values  to  a  resolution  or^SlO-'  and 
Instantaneous  CTE  values  (to  can  be  plotted  in  real  time  at 

regular  intervals  (>30  s)  to  give  time^related  absolute  expansion  data  of 
noncontacted  samples  of  arbitrary  shape\  or  size,  let  -  ,  _ 


00  F0*M  1473 

ir  A  CStMl  LC  i 


fit' l 


UNCLASSIFIED _ _ 

SECURITY  CLASSIFICATION  OF  THIS  PAGE  (Whon  Dbto  Enlorod) 


y  ,,u  \.  u  >  > 

\*  *  •  #  mm  *l*i  *  ,  •  fc  •  .  **_>  '  »  »  «’ 

/  a."  O  O  VVn*  V 


PREFACE 


The  authors  wish  to  acknowledge  the  help  of  W.  H.  Dittrich  in  the  opera¬ 
tion  and  testing  of  the  interferometer. 


CONTENTS 


PREFACE . 

I.  INTRODUCTION . 

II.  DILATOMETER  DESCRIPTION... 

A.  Optics. . 

B.  Sample  Support . 

C.  Error  Analysis. . 

D.  Operational  Procedure 

III.  SIGNAL  PROCESSING . 

IV.  AC  COUNTER  ELECTRONICS.... 

V.  DATA  PROCESSING . 

VI.  CONCLUSIONS . 

REFERENCES . 


3 


FIGURES 


Diagram  of  the  Double  Michelson  Interferometer 
Optics..*. . . . . . . 

Variation  of  Radial  AT  with  Heating  and 
Cooling  Rate*. . . . . . 

Block  Diagram  of  the  Test  Setup  for  the 
Interferometric  Dilatometer . .................. 

Schematic  of  the  Interferometer  Signal  Conditioner 
(x4  for  Double  Michelson). . . . . 

Schematic  of  the  Clipper  Circuit... . . . . 

Schematic  of  the  A  Quad  B  Counter  and  the 

D/A  Converter. . . . . . 

Schematic  of  the  Steering  Logic  Circuit . 

Diagram  of  the  Directional  Counting  Sequence . 

Interferometric  Counter  Output  as  Voltage  Applied 
to  PZT-Driven  Mirror  (1000  V  s  15  ym  motion). ....... 

Interferometric  Counter  Output  vs.  Voltage  Applied 
to  PZT-Driven  Mirror  (fine  scale). . . 

Counter  Output  vs.  Micrometer  Displacement.......... 

Thermal  Strain  and  Instantaneous  CTE  vs.  Temperature 
for  a  Fused-Sillca  Rod. . . . 


TABLE 


Logic  Circuit  Evaluation 


I.  INTRODUCTION 


Michelson  interferometry  is  widely  used  to  detect  small,  even  sub¬ 
angstrom,  displacements*”^  (e.g.,  in  piezoelectric  transducer  calibration*), 
but  has  seen  limited  application  in  the  measurement  of  thermally  induced 
expansions.  Earlier  methods  were  subject  to  complexity,  differential  tech¬ 
niques,  nonuniform  temperature  gradients,  and/or  expense. A  double 
Michelson  Interferometer  was  developed^  that  is  capable  of  measuring  coeffi¬ 
cients  of  thermal  expansion  (CTEs)  of  arbitrarily  shaped  samples,  ranging  in 
temperature  from  100  to  450  K  to  a  resolution  of  <10~®  K”*. 

The  large  number  of  optics  components  (over  30)  required  lengthy  align¬ 
ment  procedures,  and  special  features  were  needed  to  accommodate  temperature 
effects  on  the  optics.  Since  both  interferometers  were  actually  in  vacuo,  a 
complex  remote  beam-steering  device  would  be  needed  to  account  for  sample 
movements  during  an  experiment.  (Problems  with  this  approach  are  outlined  by 
Drotning.^)  In  subsequent  work  some  advantages  of  phase  modulation  over 
polarization  effects  for  automated  signal  processing  were  explored.®*^  In  the 
latter  system,  the  harmonics  of  the  modulated  fringe  pattern,  detected  by  a 
single  photodetector,  are  compared  to  generate  the  required  phase  informa¬ 
tion.  Drawbacks  included  a  requirement  of  >1  kHz  modulation  frequency  to 
achieve  adequate  immunity  from  sample  vibration-induced  noise.  This  in  turn 
required  piezoelectric  transducers  (PZTs)  to  operate  at  their  resonant  fre¬ 
quencies  for  adequate  depth  of  modulation. 

This  report  describes  improvements  in  both  the  optics  and  signal  pro¬ 
cessing  of  such  an  interferometer,  with  major  objectives  being  reductions  in 
cost  and  set-up  time,  and  an  increase  in  ease  of  operation.  A  new  data- 
reduction  feature  is  time  information,  in  recognition  of  the  fact  that  low 
thermal  expansion  values  are  significantly  modified  by  the  samples'  finite 
thermal  diffusivity  and  internal  stress- relaxation  mechanisms  (such  as  micro- 
cracking  or  plastic  flow  in  composite  materials). 


II.  DILATOMETER  DESCRIPTION 


A.  OPTICS 

Figure  1  illustrates  the  basic  features  of  a  double  Michelson  inter¬ 
ferometer.  The  optics  were  simplified  from  those  described  in  Ref.  3  by 
bringing  the  beamsplitters  (Bj  and  B2)  and  sample-beam  steering  mirrors  (Pj 
and  P2)  outside  the  vacuum  system  to  allow  rapid  signal  adjustments  should  the 
sample  move.  The  optics  components  inside  the  vacuum  chamber  are  limited  to 
the  reference  mirrors  (Mj  and  M2)  and  the  sample  reflections  (Sj  and  S2) •  If 
we  denote  the  left-hand  interferometer  as  1  in  Fig.  1,  and  the  other  as  2,  it 
is  seen  that  the  optical  path-length  differences  (OPID)  are  given  by 


OPLD1  -  2(B^  -  BjPjSj) 

(1) 

OPU>2-  2<E2m'  -  E2P2S2) 

(2) 

The  factor  of  2  comes  from  the  fact  that  the  optical  path  is  twice  the  geo¬ 
metrical  path.  By  symmetry. 


B1M1  +  Lu  +  M2B2 


P1S1  +  Ls  +  S2P2 


and 


B1PI 


B2P2 


(3) 

(4) 


Adding  the  two  OPLDs,  substituting  B^M^  from  Eq.  (3),  and  using  Eq.  (4)  gives 

OPLD.  +  OPLD-  _ 

Ls - 4 - !+Lu  +  2(P^)  (5) 

Lg  and  Lu  are  the  sample  length  and  width  of  the  reference  mirrors  (Mj  -  M2), 
respectively.  The  use  of  reflective  mirrors,  such  as  ULE  (Corning  Code  7971 
ultra-low-expansion  glass),  on  the  ends  of  the  sample  Increases  Ls  to  (Ls  +  Lj 
+■  I<2  ) . 


Diagram  of  the  Double  Michelson  Interferometer  Optics 


Accurate  measurement  of  a  change  in  sample  length  requires  a  zero  or 
known  length  change  in  Lu  and  .  The  first  is  accomplished  by  mounting 
the  reference  mirrors  on  a  ULE  glass  or  Zerodur  block  in  a  thermally  insulated 
part  of  the  system.  Since  the  B^Pj  (or  B2P2)  paths  are  in  air,  mounting  must 
compensate  for  index-of-ref raction  changes  (see  Section  II. C).  Sample  end 
movement  may  be  caused  by  the  bowing  of  an  unsymmetrical  laminate.  In  this 
case,  short-focal-length  lenses-*  are  symmetrically  positioned  (for  equal  heat 
effects)  to  focus  the  beams  on  both  sample  and  reference-mirror  surfaces. 
Preferably,  the  normal  dispersion  of  a  single-frequency  He-Ne  laser  beam  can 
be  modified  with  lenses  or  collimators  to  achieve  focus  on  the  sample  ends 
without  the  need  for  lenses  in  the  vacuum  chamber. 

B.  SAMPLE  SUPPORT 

The  sample-support  system  required  to  maintain  the  axis  of  the  sample 

parallel  to  the  laser  beams  between  the  PZT  mirrors  (Fig.  1)  has  been 

described.  *  The  end  faces  of  the  sample  must  be  flat  and  perpendicular  to 

this  axis  to  within  a  few  tenths  of  a  degree.  They  are  polished  and  coated 

with  a  thin  layer  of  Al,  Au,  or  Cr.  ULE  glass  end  mirrors  for  porous  samples 

are  spring  loaded,  as  cements  tend  to  shift  the  mirrors.  The  apparatus  of 

Fig.  1  handles  samples  of  any  size,  with  laser  beam  spacing,  spot  size,  and 

uniform  temperature  being  limitations.  Modifications  for  larger  samples  have 

2  11 

been  described  elsewhere.  *  Temperature  measurement  is  accomplished  with 
two  2-mil  Cu-Constantan  thermocouples.  They  must  be  loosely  positioned  to 
prevent  them  from  moving  small  samples  during  heating  and  cooling. 

C.  ERROR  ANALYSIS 

The  rectangular  beam  arrangement  in  Fig.  1  provides  immunity  from  errors 
resulting  from  uniform  support-table  contraction  and  expansion.  If  the  beams 
and  Mjij  are  not  quite  parallel,  errors  are  still  small.  For  example,  if 
the  beam  strikes  one  sample  end  2.5  im  from  the  parallel  beam  point,  and  the 
(steel)  table  heats  or  cools  5°C  during  an  experiment,  the  net  measurement 
error  is  about  5  A.  Index-of-ref raction  changes  in  the  vacuum  chamber  are 
negligible  if  a  diffusion  pump  is  used.  Drift  is  caused  by  room-temperature 
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changes  in  the  external  optics*  The  major  source  of  error  is  the  air  paths 
Bjf’j  and  •  The  temperature-induced  change  in  optical  path  length  (OPL)  is 

AOPL  -  2AT  OB^/31)  -  2AT[ala  +  (3n/3T)lb)  (6) 

where  lfl  and  lb  represent  the  mechanical  connections  and  air  distances, 
respectively,  and  a  the  CTE  of  the  total  support  system.  The  largest  term 
is  3n/3T  of  air,  about  -9.33  x  10"  7  K"*  in  the  vicinity  of  22°C,  502  R.H.,  and 
1000  mb.*^  If  lb  *  12  mm,  then  ala  should  be  ~  4.6  x  10"  7  K"*  for  a  zero 
error.  A  fused-silica  support  is  suggested.  With  a  Zerodur  support  (lower  o ) 
a  typical  drift  rate  of  X/20  h  *  is  encountered  in  a  room  that  fluctuates  by  3 
to  4°C/day.  For  more  precise  work,  these  components  (B  and  P)  can  be  moved 
into  the  vacuum  chamber. 

The  reference  mirror  support  (e.g. ,  Zerodur)  is  shielded  from  temperature 
excursion,  and  a  conservative  error  is 

ALu  -  aLuAT  -  (1  x  10'7)  (3  x  10~3)  (5)  -  15  x  10-10  m  (15  A)  (7) 

Temperature  gradients  in  the  support  table  could  cause  bowing  and  a 
change  of  re^atl-ve  to  This  error,  equivalent  to  ALy  in  Eq. 

(3),  has  been  transferred  from  the  Zerodur  plate  in  the  vacuum  chamber^  to  the 
external  optical  bench.  The  error  is  kept  negligible  by  insulating  the 
heater/cooler  from  this  bench  and  minimizing  the  beam  separation  (e.g.,  10  mm) 
in  Fig.  1.  Lenses  introduce  errors  if  they  change  temperature,  typically 
100  A  for  each  degree  K  change.3  Temperature  gradients  in  the  sample  cause 
errors  in  two  ways:  (a)  by  giving  a  false  average  temperature  reading  (with 
thermocouples)  and  (b)  by  distorting  the  end  faces.  Figure  2  illustrates  the 
temperature  difference  between  the  surface  and  center  of  typical  test  samples 
as  a  function  of  heating/cooling  rates.  At  a  typical  2°C/min  rate,  errors 
are  ~0.1°C.  The  sample  end  faces  will  become  parabolic,  and  the  position  of 
the  beam  determines  the  relative  error.  It  can  be  shown  that  this  error  is  a 

maximum  of  ~o  AT/3,  where  a  is  the  sample  CTE  and  AT  is  found  from  Fig.  2. 

8  8 


10 


dUdt  <°C/minl 


D.  OPERATIONAL  PROCEDURE 


The  general  procedure  for  maximizing  the  signal-to-noise  ratio  is  as 
follows:  the  main  laser  beams  are  first  aligned  without  the  sample  or  the  PZT 
mirrors,  so  that  the  back  reflections  are  close  to,  but  not  into,  the  beam 
laser  exit  cavity.  This  involves  adjusting  the  first  beam  splitter  posi¬ 
tion.  The  sample  is  inserted  (with  the  heater/cooler  removed)  and  the  main 
beam  is  checked  so  that  it  clears  the  sample.  The  two  beams  over  the  sample 
are  checked  for  overlap  while  the  reference  mirrors  are  temporarily  removed. 
The  reference  mirrors  are  reinserted  and  the  PZT  mirrors  are  adjusted  so  that 
the  beams  Bj^  an(1  ^7^2  are  Para^^e^  (with  the  sample  in  place).  The  sample's 
orientation  is  adjusted  by  means  of  the  horizontal  Invar  rods  so  that  a  fringe 
pattern  above  either  beam  splitter  (Bj  or  B2)  is  obtained;  the  other  side 
should  then  require  minimal  adjustments.  The  photodetectors  are  then  inserted 
and  final  adjustments  are  made,  using  the  oscilloscope  signals  to  maximize  the 
ellipse  or  circle  pattern. 


12 


III.  SIGNAL  PROCESSING 


The  fringe  patterns  are  initially  analyzed  with  S/P  beam  splitters  and 
silicon  photodiodes  (Figs.  1  and  3).  The  Photop^  UDT-455  detector/amplifier 
system  (Silicon  Photodetector  Corp. )  produces  a  voltage  output  that  is  typi¬ 
cally  ±5  V  with  a  good  reflection  and  a  0.5-mW  single-frequency  He-Ne  laser. 
This  signal  can  be  monitored  in  two  ways,  with  either  a  dc  or  an  ac  approach, 
and  in  both  cases  the  photodetector  signals  are  applied  to  the  x-y  Inputs  of 
two  oscilloscopes.  A  X/2  fringe  translation  produces  a  360°  trace  that  is 
usually  elliptical  and  can  be  adjusted  with  X/4  plates.  In  the  dc  approach, 
either  signal  from  each  interferometer  is  plotted  directly  on  a  strip  chart 
recorder.  A  third  pen  is  used  to  record  temperature. 

Air  is  briefly  introduced  into  the  vacuum  chamber  and  the  direction  of 
signal  motion  around  the  ellipse  on  the  scope  is  recorded  and  correlated  with 
the  strip  chart  motion.  An  increase  in  the  index  of  refraction  is  equivalent 
to  an  Increase  in  the  longer  arm  of  each  Interferometer.  This  is  equivalent, 
in  turn,  to  reducing  the  shorter  arm  if  "n"  remains  constant,  and  this 
establishes  the  direction  of  motion  on  each  sample  end  face.  This  method 
allows  for  continuous  tracking  of  very  weak  signals,  the  limit  being  deter¬ 
mined  by  sample  vibrations  caused  by  the  mechanical  vacuum  pump. 

The  major  drawback  is  that  readjustment  of  the  optics  after  a  signal  is 
lost  may  switch  the  polarizations  and  hence  the  apparent  direction  of  sample 
movement.  The  signals  are  also  unsuitable  for  automatic  data  processing. 

Even  if  the  sample  expands  or  contracts  linearly  with  temperature  and  time, 
the  individual  end  faces  will  move  in  arbitrary  directions  as  a  result  of  the 
friction  caused  by  the  sample  weight  on  its  supports.  Continuous  analysis  of 
all  four  photodetector  signals  would  yield  sample  expansion  data  only  if  the 
signal  amplitude  were  constant  (which  is  rarely  the  case  because  of  the  small 
sample  motions  involved).  Nevertheless,  this  method  allows  an  operator  to 
extract  all  the  needed  phase  information  after  the  experiment,  from  the 
sinusoidal  traces  on  the  chart. 


Figure  3.  Block  Diagram  of  the  Test  Setup  for  the  Interferometric 
Dllatometer 


An  ac  method  was  developed  that  requires  only  that  the  operator  occa¬ 
sionally  adjust  the  optics  to  maintain  a  minimum  ellipse  size  on  the  oscillo¬ 
scopes.  This  minimum  size  depends  on  the  signal-to-noise  ratio  (which  is 
related  to  sample  reflectance,  beam  alignment,  and  sample  vibrations).  Below 
the  minimum  size  the  counter  (described  below)  starts  skipping  counts,  a 
phenomenon  that  is  readily  detectable  from  a  discontinuity  on  the  strip  chart 
recorder. 

A  microprocessor  can  be  readily  programmed  to  correct  for  a  discon¬ 
tinuity.  The  range  of  useful  signal  amplitudes  varies  typically  from  ±5  V  to 
a  few  mV.  If  a  minimum  signal  cannot  be  regained  by  adjustment  of  the  optics 
(e.g.  mirrors  B  and  P) ,  the  switch  "SM  in  Fig.  4  converts  over  to  the  dc 
system  and  the  dc  offset  is  adjusted  manually. 

In  the  ac  method,  the  PZTs  in  Fig.  1  are  oscillated  at  a  total  displace¬ 
ment  of  just  under  A/2,  so  that  an  almost-closed  ellipse  is  displayed  on  each 
scope.  A  sawtooth  rather  than  square  wave  input  to  the  PZT  is  helpful.  The 
frequency  chosen  (from  60  to  100  Hz)  is  based  on  a  spectrum  analysis  of  the 
mechanical  system  and  represents  a  minimum  extraneous  noise  region  and  an 
achievable  PZT  displacement.  Direction  of  motion  is  determined  by  applying  a 
dc  voltage  to  each  PZT  and  correlating  changes  in  interferometer  arm  length. 

The  counting  method  is  a  scanning  technique  involving  zero  crossings  and 
averaging  for  fringe  interpolation.  Advantages  over  phase-modulated  tech- 

Q  Q 

niques0**  Include  simplified  electronics  and  the  use  of  Interchangeable  PZTs 
operating  at  low  frequencies.  This  technique  is  sensitive  only  to  gross 
shocks  to  the  system  that  cause  optical  misalignment.  Tuning  .of  frequencies 
is  unnecessary,  as  the  fringe  pattern  is  scanned  in  a  manner  duplicating  the 
actual  vibration-caused  scanning.  On  the  debit  side,  two  photodetectors  are 
still  needed  per  interferometer  and  the  state  of  polarization  must  be 
adjusted.  Also,  frequency  response  is  lower,  reducing  one's  ability  to  study 
simultaneous  crack  formation  in  materials.* 
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IV.  AC  COUNTER  ELECTRONICS 


Figure  3  illustrates  schematically  the  automated  ac  counting  system. 

This  consists  of  (a)  a  signal  conditioner  (Fig.  4),  (b)  clippers  (Fig.  5),  and 
(c)  quadrature  counters  with  digital-to-analog  (D/A)  converters  (Fig.  6).  The 
latter  provide  data  suitable  for  microprocessor  analysis  (see  Section  V). 

The  signal  conditioner  consists  of  a  three-stage  signal-conditioning 
network.  The  photodetector  output  has  both  ac  and  dc  components.  The  22-yF 
capacitor  cancels  out  the  dc  level  when  switch  "S"  is  closed,  so  that  the  ac 
components  will  be  centered  around  ground.  This  is  a  high-pass  filter  that 
eliminates  signals  <0.5  Hz.  The  next  stage  is  a  noninverting  variable-gain 
amplifier  that  sets  the  conditional  signal  at  any  desired  level.  This  is 
followed  by  a  third-order  low-pass  filter  that  cancels  out  all  frequencies 
>1  kHz.  It  was  found  that  if  filtering  about  the  modulator  frequency  is  too 
narrow,  some  of  the  phase  information  in  the  x-y  signals  is  distorted.  The 
low-pass  filter  suppresses  high-frequency  noise  spikes  that  interfere  with  the 
directional  counters. 

The  clipper  circuit  in  Fig.  5  converts  the  amplified  filtered  sine-wave 
signals  to  a  fixed  square-wave  output  having  a  value  of  5  V  maximum  when  the 
sine  wave  input  is  above  0  V,  and  a  0  V  output  when  the  input  drops  below  0  V. 
The  conditioner  signals  are  first  fed  into  a  buffer  amplifier  and  then  clipped 
at  5  V  by  a  Zener  diode  that  interfaces  with  the  logic  gates.  The  square-wave 
signals  are  fed  into  Schmitt  trigger  NAND  gates  (#74132)  for  further  waveform 
conditioning. 

In  the  A  quad  B  counter  (Fig.  6),  the  square  waves  are  time  and  phase 
analyzed  by  a  series  of  one-shots  and  logic  gates.  The  one-shots  respond  to 
the  signal  quadrant  crossings  by  producing  short  pulses  at  the  square-wave 
signal  transitions.  These  pulses  are  directionally  routed  by  the  logic 
steering  gates  into  the  appropriate  up  or  down  counter  Inputs.  With  the  aid 
of  Boolean  algebra**1  in  Fig,  7,  it  can  be  shown  how  the  logic  steering  gates 
and  one-shots  function  for  different  counting  states.  The  circuit  shows  the 


Figure  6.  Schematic  of  the  A  Quad  B  Counter  and  the  D/A  Converter 
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letters  A  and  B  representing  the  clipped  photodetector  signals,  and  the 
letters  C,  D,  E,  and  F  representing  the  one-shot  short-pulse  transition 
signals.  Figure  8  shows  that  the  one-shots  respond  to  the  two  counting  condi¬ 
tions  that  can  occur.  By  substituting  the  logic  level  values  for  any  tine  t 
into  each  appropriate  letter  of  the  output  Boolean  expression,  one  can  deter¬ 
mine  the  circuit  output  response  at  any  given  time.  An  evaluation  of  the  two 
counting  states  in  Table  1  shows  how  the  final  up  and  down  outputs  respond  to 
the  clockwise  and  counterclockwise  interferometer  fringe  signals  (A  and  B) . 

The  direction  of  counting  is  determined  by  which  clock  input  is  pulsed  with  a 
low-to-high  transition  while  the  other  clock  input  is  high  for  the  up/down 
counter. 


The  analog-to-digital  (A/D)  converter  employs  a  12-bit  binary  base  and 


is  used  in  a 

half  full-scale  output  state.  Thus,  at  half  full  scale  the 

output  total 

is  ±1024  counts.  With  one  fringe 

(1/2)  equaling  4  counts,  the 

counting  range  is  reduced  to  ±256  fringes  before  reset. 

Table  1 .  Logic  Circuit  Evaluation 

Case  I  @  tj 

A  -  1 

UP  -  (AC  +  AD)( BE  +  BF) 

DOWN  -  (AC  +  AD) (BE  +  BF) 

B  -  0 

-  (  T»1  +  1  -1)(0 -1  +  0-0) 

-  (1*1  +  T.1)(0«1  +  0.0) 

C  «  1 

-  (0-1  +  1)(0  +  1*0) 

-  (1  +  0«1 )( 1 -1  +  0) 

D  -  1 

-  (0  +  1)(0  +  0) 

-  (1  +  0)0  +  0) 

E  -  1 

-  1*0 

-  1»1 

-  0 

-  1 

Case  11  @  t£ 

A  »  0 

UP  *  (AC  +  AD)(  BE  +  BF) 

DOWN  -  (AC  +  AD)(  BE  +  BF) 

B  -  1 

-  (0*1  +  0-0>( 1*1  +  1*1) 

-  (0*1  +  0«0)(I *1  ♦  1*1) 

C  -  1 

-  9*1  +  OKI  +  0*1) 

-  (0  +  1.0)(0*1  +  1) 

D  -  0 

-  (1  +  OKI  +  0) 

-  (0  +  0)(0  +  1) 

E  •  1 

-  1*1 

-  0*1 

B- 
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Figure  8.  Diagram  of  the  Directional  Counting  Sequence 


Figures  9  and  10  represent  the  counter  output  when  a  mirror  was  placed 
against  the  window  of  one  interferometer  (Fig.  1)  and  a  dc  voltage  was  applied 
to  the  PZT  (Burleigh  PZ40),  thereby  moving  the  mirror  P  at  •'■45°  to  the  beam. 
The  counter  was  set  at  10  mV  *  X/2  *  3164  A  by  calibration  with  360°  circle 
rotation  on  the  scope.  The  change  in  optical  path-length  difference  (OPLD), 
proportional  to  the  counter  output,  is  given  by 

AOPLD  -  lO%V(sin0)_1  (7) 

where  <}>  is  the  PZT  characteristic  (■'•0.015  pm/V)  and  6  the  beam  incidence  angle 
on  mirror  P.  Figure  9  shows  that  the  output  corresponds  initially  to  0  ~  45°, 
but  its  curve  is  nonlinear  and  typically  also  shows  hysteresis  on  voltage 
reversal.  Figure  10  shows  that  over  small  distances  (e.g.  2000  A),  the 
counter  follows  the  motion  to  within  ±15  A.  When  the  PZT  is  replaced  by  a 
movable  micrometer  (Newport  Res.  Corp.  model  DM-13  on  a  model  430  stage,  with 
fine  adjustment  of  0.1  pm)  at  ~908  to  the  beam,  the  curve  is  more  linear. 
Figure  11  shows  that  the  counter  output  (A)  «  144.54  +  0.866  (micrometer 
motion  in  A)  with  a  correlation  coefficient  r ^  *  0.99926  over  3.5  pm. 


igure  9.  Interferometric  Counter  Output  as  Voltage  Applied  to 
PZT-Driven  Mirror  (1000  V  =  15  pm  motion) 
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gure  10.  Interferometric  Counter  Output  vs.  Voltage  Applied 
to  PZT-Driven  Mirror  (fine  scale) 


D/A  COUNTER  OUTP 


V.  DATA  PROCESSING 


Thermal  expansion  characteristics  are  time-dependent  for  many  materials; 
Fig.  2  indicated  that  low  conductivity  materials  may  not  reach  thermal 
equilibrium  in  a  CTE  test.  Creep  effects  occur  in  many  composites  and  visco¬ 
elastic  materials,  and  time-dependent  information  regarding  those  effects  is 
Incorporated  here  by  sampling  the  two  interferometric  counter  outputs  and 
analog  temperature  signals  at  regular  intervals,  using  a  timer  module  in  a 
Hewlett-Packard  HP1L  system.  An  HP41CV  calculator  guides  data  acquisition  and 
processing  of  the  signals  at  intervals  from  >30  s,  resulting  in  real-time 
instantaneous  plots  of  AL/L  and  CTE  versus  temperature.  Deviations  from 
smooth  curves  can  be  correlated  with  point  spacing  and  the  heating  or  cooling 
rate. 

The  calculator  is  also  used  to  correct  for  counting  errors  caused  by 
extreme  line-voltage  surges,  mechanical  shocks,  or  very  low  signal-to-noise 
ratios  (when  optics  realignment  is  indicated).  For  example,  a  critical 
voltage  is  set  in  the  calculator  program.  If  a  reading  exceeds  the  previous 
one  by  this  value,  the  program  discards  that  reading  and  plots  instead  an 
extrapolated  one  based  on  three  (or  more)  former  readings.  These  previous 
readings  are  then  "shifted”  to  the  level  of  the  actual  signal  so  that  subse¬ 
quent  readings  are  unaffected.  At  the  same  time,  this  extrapolation  gives  an 
instantaneous  CTE. 

Figure  12  illustrates  these  features  for  a  quartz  rod  that  was  first 
cooled  from  ambient  temperature,  then  heated  to  ~400  K  and  cooled  back  to 
ambient.  The  main  hysteresis  is  caused  by  thermal  lag  of  the  inside  of  the 
rod  and  is  diminished  by  slower  cooling  rates.  An  initial  setting  of  8  for 
the  exponent  for  CTE  proved  too  sensitive,  and  a  switch  to  7  on  heating 
improved  the  data  display.  (These  values  were  plotted  per  individual  data 
point;  averaging  over  several  data  points  permits  use  of  the  8  scale).  (The 
occasional  discontinuities  in  the  AL/L  curve  are  results  without  the  correc¬ 
tions  described  above).  A  wider  range  of  instantaneous  CTEs  is  recorded 
whenever  the  temperature  trend  is  reversed  or  isothermal  data  are  desired. 
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Figure  12.  Thermal  Strain  and  Instantaneous  CTE  vs.  Temperature 
for  a  Fused-Sllica  Rod 


VI.  CONCLUSIONS 


The  optical,  signal  processing,  and  data  reduction  systems  of  a  precision 
double  Michelson  interferometer  have  been  described.  Real-time  thermal  strain 
and  instantaneous  CTEs  can  be  measured  for  a  sample  of  arbitrary  size  or  shape 
for  temperatures  from  100  to  >450  K.  An  inexpensive  signal  processor  permits 
data  sampling  at  regular  intervals,  in  order  to  present  simultaneous  time- 
dependent  behavior.  AL/L  can  be  recorded  to  a  precision  of  about  ±15  A,  and 
the  CTE  (a  slope  of  3  AL/L  points,  typically  a  4°  spread)  can  be  measured  to 
±5  x  10-8  K"1. 

Further  improvements  in  both  accuracy  and  resolution  are  possible  by 
using  nonmechanical  vacuum  pumps  alone,  optical  isolators  for  the  lasers, 
improved  line  voltage,  stabilization,  and  precise  design  of  the  B?  path,  to 
minimize  the  effects  of  ambient  air-temperature  fluctuations. 
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Ika  UtontKy  IptrutoM  of  At  Aerospace  Ctrftntioi  la  m*min 
«  «par  leant  *1  til  theoretical  investigations  aaceaaery  (tt  tkt  ralwciM  mod 
application  of  mciaotif ic  alvutM  to  nav  ollitary  apace  ayataaa,  AmtllltJ 
an4  flexibility  have  boon  developed  to  a  high  degree  by  tha  laboratory  paraaa- 
aal  la  laallM  alth  tha  aaay  prebleae  encountered  la  tha  aatloa'a  rapidly 
developing  apaca  ayataaa.  Expart laa  la  tha  lataat  aclaatlflc  devalopoanta  la 
vital  to  tha  aceoapllahaaat  of  taaka  related  to  thaaa  prehlaaa.  Tha  iak ora¬ 
torio*  that  contrlhota  to  thla  roaaarch  aral 

Aerophyatc*  laboratory :  Launch  aahlcla  and  raaatry  fluid  atchaoica,  haat 
traaafar  and  flight  dyaaalct;  chaaleal  aad  elactrlc  propul* ion,  propallaat 
ehaadatry ,  anvlroanantal  haxarda,  tract  detection;  apacecraft  structural 
aaehaalca,  contaal nation,  theraal  aad  atructural  control;  high  taaparatara 
tharaaaachanlca ,  gaa  klnatlca  and  radiation;  cw  and  pulaed  later  developoent 
Including  chaaleal  kiaetlea,  apactroacopy,  optical  roaonatora,  bean  control, 
ataaopharlc  propagation,  laaer  effect*  and  countaraeaaurea, 

Chaalatry  and  Phytic*  Laboratory;  Ataoapherlc  chaaleal  reactlona,  ataa - 
opharlc  optica,  light  acat taring,  state-specific  chaaleal  reaction*  and  radia¬ 
tion  t ran* port  la  racket  pluaea,  applied  laaar  apactroacopy,  laaer  chaalatry, 
laaer  aptoalaetroalca,  aolar  call  phyalca,  battery  elactrochealatry ,  apaca 
r ocean  and  radiation  effecta  an  aatarlala,  lubrication  aad  aurfaca  phonoaena, 
tharadealc  oalaalaa,  phatoaanalt Ira  aatarlala  and  detactora,  atonic  frequency 
ataadarda,  aad  anrlronaantal  ehaadatry, 

Coapatar  «c lance  laboratory i  Program  verification,  prograa  tranalatlon, 
parforaaaca-oaaaltlve  ayataa  dealga,  dletrlbutad  archltacturaa  for  apaca  borne 
coapatar* ,  faalt-talaraat  coapatar  ayataaa,  artificial  Intelligence  and 
nlcroelectronlca  appllcatlana. 

Elect ronlca  Eeuuurch  Laboratory;  Microelectronics.  CaAa  lov  nolae  and 
poanr  device*,  aoolconiactor  laeera,  elect ronogne tic  and  optical  propagation 
phaaooana,  gnontoa  eloctraalca.  Inner  cxeaunl cat Iona,  Ildar,  and  electro- 
optica;  coonanl cation  acloncea,  applied  alactronlea,  **oi  conductor  cryatal  and 
do  vie*  phyalca,  radlooetrlc  laaglng;  ollllaatar  wave,  atcroMve  technology, 
and  I t  ayataaa  raaaarcb. 

Materials  Sclaacaa  laboratory  I  Bhvelopaont  of  new  aaterlala:  natal 
nstrlii  coapoettas,  palynara,  ani  awe  fora*  of  carbon;  noodaatructive  evalua¬ 
tion,  coaponant  fallara  analyala  and  reliability;  fracture  nechanica  and 
atroaa  corroolon;  analyala  and  nvalnatlon  of  nnterlala  at  cryaganie  and 
alevatad  taoparataraa  aa  veil  aa  la  apaca  and  nimny-l nducad  envlroneent*. 

Eases  Sciences  Laboratory:  Magnntonphnrlc,  auroral  and  coanlc  ray  phya¬ 
lca,  vava-pnrUcla  Interactions,  aagnetoapharlc  plaaaa  novae;  ataoapherlc  and 
lonoapharlc  phyalca,  danalty  and  eooponltlon  of  the  upper  ataoapharn,  ranota 
aanalng  using  ataoapharlc  radlatloa;  talar  phyalca,  lnfrarod  aatrooooy, 
lnfrarad  algnatura  analyala;  affecta  af  aolar  activity,  negnctlc  atoraa  and 
nuclear  explosion*  on  tha  aarth'a  atnoaphara,  lonoaphar*  and  nagnatoaphera ; 
effects  of  alectroaagnetlc  and  particulate  radiations  on  space  ayateoe;  apace 
lnetrunentatlon. 
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U10UTOKI  OPERATIONS 


The  Laboratory  Oparatlooa  of  Tba  Aerospace  Corporation  la  conducting 
experimental  and  thaoratical  investigations  nacaaaary  for  tha  evaluation  and 
application  of  aclentlfle  advaneea  to  new  Military  apace  systems.  Varaatllity 
and  flexibility  have  bean  developed  to  a  high  degree  by  the  laboratory  person- 
nel  in  dealing  with  tha  nany  probleae  encountered  in  the  natlon'a  rapidly 
developing  apace  ayataaa.  Expert i ae  in  the  lateat  acientlfic  davelopaanta  la 
vital  to  tba  accoapllahaant  of  taeka  related  to  theae  probleae.  The  labora- 
torlea  that  contribute  to  thla  reaearch  are: 

Aarophvalca  Laboratory!  Launch  vehicle  and  reentry  fluid  machanlcs,  heat 
tranefer  and  flight  dynamics;  cheat cal  and  electric  propulelon,  propellant 
eheaiatry,  envlronaental  hasarda,  trace  detection;  apacecraft  atructural 
aachanlca,  conceal  nation,  Cheiaal  Mid  atructural  control;  high  teaperature 
t he rao aachanlca ,  gaa  kinatlca  and  radiation;  cw  and  puleed  laser  development 
Including  cheat  cal  kinetics,  apectroecopy,  optical  resonators,  beaa  control, 
ataoepherlc  propagation,  laser  effects  and  counteraaasurea. 

Chealatry  and  Physics  Laboratory:  Ataoepherlc  chemical  reactions,  atmo- 
spharlc  optica,  light  scattering,  state-specific  chemical  reactions  and  radia¬ 
tion  transport  in  rocket  pluses,  applied  laser  apectroecopy,  laser  chealatry, 
laser  optoelectronics,  solar  call  physics,  battery  electrochemistry,  space 
vacuue  and  radiation  affects  on  Materials,  lubrication  and  surface  phenomena, 
thermionic  emission,  photosensitive  materials  and  detectors,  atonic  frequency 
standards,  and  envlronaental  chealatry. 

Computer  Science  Laboratory »  Program  verification,  program  translation, 
performance-sensitive  aystea  design,  distributed  architectures  for  space bo ms 
coaputers,  fault-tolerant  computer  systems,  artificial  intelligence  and 
Microelectronics  applications. 

Electronics  loaaarch  Laboratory i  Microelectronics ,  CaAs  lorn  noise  and 
power  devices,  semiconductor  lasers,  electromagnetic  and  optical  propagation 
phenomena,  quantum  electronics,  laser  c manual cat lone,  Ildar,  and  electro¬ 
optics;  communication  sciences,  applied  electronics,  semi  conductor  crystal  and 
device  physics,  radiometric  imaging;  nllllneter  wave,  microwave  technology, 
and  «F  systems  research. 

Materials  Sciences  Laboratory »  Development  of  new  aster tales  aetal 
matrix  composites,  polymers,  and  now  forms  of  carbon;  nondaatructivn  evalua¬ 
tion,  component  failure  analysis  and  reliability;  fracture  aachanlca  and 
screes  corrosion;  analysis  aad  evaluation  of  materials  at  cryogenic  and 
elevated  temperatures  as  well  as  in  space  aad  enamy-lnduced  environments. 

Space  Sciences  Laboratory i  Msgnetospheric,  auroral  and  cosmic  ray  phys¬ 
ics,  wave-particle  interactions,  aagnetospherlc  plasma  waves;  atmospheric  and 
ionospheric  physics,  density  and  composition  of  the  upper  atmosphere,  remote 
sensing  using  atmospheric  radiation;  solar  physics,  lnfrsred  astronomy. 
Infrared  signature  analysis;  effects  of  solar  activity,  magnetic  storms  and 
nuclear  explosions  on  the  earth's  atmosphere,  ionosphere  snd  magnetosphere; 
effects  of  electromagnetic  aad  particulate  radiations  on  space  systems;  space 
instrumentation. 


